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The use of hydrogen as a fuel, when generated from water using semiconductor photocatalysts and 17	
driven by sunlight, is a sustainable alternative to fossil fuels. Polymeric photocatalysts are based on 18	
earth-abundant elements and have the advantage over their inorganic counterparts that their 19	
electronic properties are easily tuneable through molecular engineering. Polymeric photocatalysts 20	
have developed rapidly over the last decade, resulting in the discovery of many active materials. 21	
However, our understanding of the key properties underlying their photoinitiated redox processes 22	
has not kept pace, and this impedes further progress to generate cost-competitive technologies. Here, 23	
we discuss state of the art polymeric photocatalysts and our microscopic understanding of their 24	
activities. We conclude with a discussion of five outstanding challenges in this field: non-25	
standardized reporting of activities, limited photochemical stability, insufficient knowledge of 26	
reaction mechanisms, balancing charge carrier lifetimes with catalysis timescales, and the use of 27	
unsustainable sacrificial reagents. 28	
 29	
1 Introduction  30	
With the global reliance on non-renewable fossil fuels and increasing concern over their impact on 31	
climate, there has never been greater urgency to secure alternative clean and renewable energy 32	
supplies. Solar hydrogen has attracted much interest because of the abundance of solar energy and the 33	
cleanliness and high gravimetric energy density of hydrogen fuel. To scale-up photocatalytic water 34	
splitting to produce renewable hydrogen, we require a low-cost, earth-abundant photocatalyst with a 35	
~10% solar-to-hydrogen (STH) energy conversion efficiency1. Considering that nearly half of the 36	
energy in the sunlight that reaches the earth surface comes from visible light photons (400–700 nm), 37	
their efficient use is one of the biggest challenges2. The long-standing target here is to find efficient, 38	
reasonably-priced semiconductor photocatalysts that can thermodynamically drive both proton 39	
reduction to hydrogen and water oxidation to oxygen, while staying chemically and photolytically 40	
stable over long periods3. Four decades of extensive exploration into inorganic semiconductor 41	
photocatalysts—mostly metal oxides—has demonstrated that tuning their properties is challenging4. 42	
By contrast, conjugated polymeric semiconductors have a potential advantage of easy-to-tune 43	
properties through synthetic control. This tuneability and their proven performance in fields including 44	
solar cells5, photoelectrochemical devices6 and light-emitting diodes7, make organic materials 45	
attractive alternatives to inorganic semiconductor photocatalysts. 46	
The first reports on conjugated polymer photocatalysts date back to the late 1980s when Japanese 47	
researchers demonstrated that poly(p-phenylene)8,9 could reduce protons to hydrogen under 48	
illumination in the presence of sacrificial electron donors. In 2009, polymeric carbon nitride (CNxHy) 49	
was shown to evolve hydrogen from a 10 vol% triethanolamine (TEOA) aqueous solution and oxygen 50	
from an 0.01M silver nitrate aqueous solution under visible-light illumination10. This report triggered 51	
a massive interest in CNxHy for hydrogen production and the development of new polymeric 52	
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photocatalysts, including conjugated poly(azomethine) networks, pyrene-based conjugated 1	
microporous polymers (CMPs), covalent triazine-based frameworks (CTFs), covalent organic 2	
frameworks (COFs), and planarized-fluorene-based conjugated polymers, to name a few11-15. Recently, 3	
overall water splitting (OWS) using polymeric photocatalysts has also been claimed16-19, albeit at 4	
impractically low efficiencies. 5	
Despite the recent interest in polymeric photocatalysts, and particularly reduction photocatalysts for 6	
hydrogen generation, we have yet to reach an understanding of their photophysics comparable to that 7	
developed for organic photovoltaics (OPVs) and metal oxide photocatalysts. Even factors well-known 8	
to influence the performance of OPVs and metal oxides, such as defects and charge trapping, have 9	
only just started to receive attention. The intimate interaction of the sacrificial electron donor and/or 10	
co-catalysts on the surface of polymer photocatalysts most likely affects their charge transfer kinetics 11	
and possibly exciton dissociation, yet little is known to date. The structural tunability of polymers and 12	
the multitude of electron donor-polymer combinations suggests that significant efforts are needed to 13	
understand their association and its impact fully. Difficulties in producing samples with identical 14	
physical properties such as molecular weight, degree of branching, and terminations, will likely 15	
complicate the comparison of results between different laboratories. Furthermore, it is still debatable 16	
whether such materials can directly drive the multi-redox chemistry of water oxidation and reduction 17	
or whether co-catalysts are always required14,20. 18	
Here we discuss state-of-the-art polymeric photocatalysts for the hydrogen and oxygen evolution half 19	
reactions. We also explore design rules for these systems and how they can be characterised through 20	
spectroscopy. Furthermore, we discuss challenges facing this field, such as uncertainties surrounding 21	
the functional characterisation of photocatalysts, where the mechanism for hydrogen production is 22	
usually unknown.  23	
 24	
2. Framework for understanding polymer photocatalytic activity  25	
A photocatalytic reaction is initiated by light absorption to generate excited electron-hole pairs 26	
(excitons), followed by their separation into free charges, which ultimately drive redox reactions. The 27	
amount of light that a photocatalyst absorbs, and thus the number of charges it can generate, is 28	
determined by the overlap of its absorption spectrum with the irradiance spectrum of the light source. 29	
In contrast to polymers in solution, absorption spectra of solid polymers generally have a block-like 30	
shape21, and their light absorption is therefore often simplified to a consideration of the optical gap. 31	
The optical gap of a semiconductor is the minimum energy (longest wavelength) that a photon 32	
requires to generate excitons and can vary sharply from polymers to polymers. For example, poly(p-33	
phenylene) has an optical gap in the violet (Egap ~ 3 eV, λedge ~ 420 nm)8, just barely in the visible 34	
range of the spectrum, while poly(thiophene) already starts absorbing in the near-infrared (~ 1.5 eV, 35	
830 nm)22. Shifting the optical gap to the red generally results in more absorbed photons, thus 36	
generating more excitons and more free charge carriers if these excitons dissociate. 37	
Light absorption by organic materials typically produces Frenkel excitons with binding energies that 38	
are more than an order of magnitude larger than kT at room temperature23. This strong interaction 39	
tends to prevent spontaneous exciton dissociation and opens loss pathways such as re-emission of 40	
light (photoluminescence) or internal conversion into heat/phonons. Spontaneously separated charges 41	
may also relax to the ground state through electron-hole recombination or reassociate into excitons. 42	
The large binding energy means that excitons usually must diffuse to an interface—such as the 43	
polymer-solution interface—to dissociate, where one of the formed charge carriers takes part in a 44	
solution reaction, and the other remains on the polymer, poised to undergo a subsequent reaction. 45	
These charge carriers must possess a sufficiently high driving force for a targeted reaction such as 46	
proton reduction or the oxidation of water/sacrificial electron donors.  47	
Free electrons in a polymer can thermodynamically drive the reduction of protons to molecular 48	
hydrogen if the electron affinity (EA) of the polymer, when expressed as a redox potential, is more 49	
negative than the potential of the proton reduction reaction (H+ (aq) + e- → ½ H2 (g), E = -0.41 V vs. 50	
SHE at pH 7). Similarly, free holes can drive the oxidation of water if the ionisation potential (IP) of 51	
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the polymer is more positive than the potential of the overall oxidation of water (O2 (g) + 4H+ (aq) + 1	
4e- → 2H2O (l), E = + 0.82 V vs. SHE at pH 7). Hence, the EA and the IP of the polymer should 2	
straddle both reactions to work as an OWS photocatalyst (Fig. 1). In the case of excitons, the 3	
corresponding IP and EA potentials are labelled as IP* for reduction and EA* for oxidation (the 4	
asterisk denotes that an exciton provides the electron or hole). The oxidation of sacrificial donors like 5	
triethylamine (TEA) is thermodynamically less demanding than for water (diethylamine (aq) + 6	
acetaldehyde (aq) + 2H+ (aq) + 2e- → triethylamine (aq) + H2O (l), E = -0.72 V vs SHE at pH 11.521, 7	
the likely pH of a triethylamine solution). It is also kinetically faster because two holes rather than 8	
four are required. As a result, the activity of polymers for hydrogen evolution is often tested in the 9	
first instance using such sacrificial donors, rather than attempting OWS. 10	
 11	
It is known from the literature on OPVs24 that the exciton diffusion length (the distance an exciton 12	
travels before decaying back to the electronic ground state) is typically much shorter than the optical 13	
absorption depth (the distance light penetrates a material). Rapid charge separation across the 14	
interface is promoted by a large interfacial area between donor and acceptor domains, but the decrease 15	
of pure domains that serve as long-range selective charge transport channels can also lead to more 16	
rapid geminate recombination of electron-hole formed from the same absorbed photon25. For 17	
polymeric photocatalysts, reduction of the typical particle/domain size, or increased solution 18	
permeability, should help in minimising the loss of excitons before they can dissociate at the 19	
polymer/solution interface. The interaction between the polymer and water (i.e., the wettability) can 20	
be expected to influence the activity of these materials, particularly for OWS. For linear polymers, 21	
contact angle values (lower angles correspond to better wetting) measured for pure water are reported 22	
to range from ~90° for purely hydrocarbon polymers26, such as poly(p-phenylene), to ~60° or lower 23	
for polymers containing heteroatoms27, such as poly(2,5-pyridine) and undoped CNxHy, or even lower 24	
for suitably doped CNxHy.28  25	
 26	
2.1 Characterisation of the activity of polymers 27	
The activity of a photocatalyst for a targeted reaction can be quantified by measuring the formation 28	
rate of the product; for example, the hydrogen evolution rate. Importantly, the rates strongly depend 29	
on experimental conditions such as the spectrum and intensity of the light source. To further 30	
complicate things, rates are reported with or without considering the mass of photocatalyst 31	
(µmol h−1 g−1 vs µmol h−1). We provide some clarification of the experimental conditions in our 32	
overview tables below. However, we note that spectrum and output intensity even vary for different 33	
models of nominally the same light source (e.g., different 300 W Xe  light sources). In addition, the 34	
lack of standards for the different lamp-to-sample distances and use of focusing/collimating optics 35	
make direct comparisons between reports from different groups difficult. Complimentary apparent 36	
quantum yield (AQY) measurements directly relate the amount of formed product to the amount of 37	
incoming monochromatic photons, which improves comparability of activities; this makes AQY a 38	
preferable and more reliable metric than hydrogen evolution rate. AQY for hydrogen evolution is 39	
calculated as the ratio of the number of reacted electrons (2 × number of hydrogen molecules 40	
produced) to the number of incident photons of defined energy: 41	 𝐴𝑄𝑌 = 2×𝑛!!𝑛!!!"!# 
Even with well-defined illumination conditions, AQY (and hydrogen evolution rate) measurements 42	
are still affected by other reaction parameters such as photocatalyst concentration, sacrificial donor 43	
used, mixing, the bandwidth of a band filter and reactor pressure (pinitial). For instance, a reduced 44	
headspace pressure suppresses back reactions compared to ambient pressure, often improving the 45	
hydrogen evolution yield significantly. Other factors, such as the addition of phosphate salt, can 46	
enhance the hydrogen evolution yield by accelerating the proton reduction and TEOA oxidation29,30. 47	





3 Performance of polymeric photocatalysts 2	
3.1 Carbon nitrides and their photocatalytic activity  3	
Carbon nitrides are a family of triazine or heptazine-based polymers containing carbon and nitrogen, which 4	
is often referred to in the literature as graphitic carbon nitride (g-C3N4), which would be a heptazine-based 5	
layered crystalline structure (Fig. 2, 1). However, both characterisation reported and calculations of the 6	
CNxHy phase diagram31 show that ideal g-C3N4 is unlikely to form under the synthetic conditions 7	
employed so far for photocatalytically active samples. In practice, materials of relevance to photocatalysis, 8	
even if referred to as g-C3N4, contain significant amounts of hydrogen32 and appear to consist of melon ( 2 9	
in Fig. 2)33,34. Melon is a linear polymer formed of heptazine units linked through amine (–NH–) bridges 10	
with a solid-state structure that is stabilised by intermolecular hydrogen bonds involving the amine groups. 11	
Photocatalytically active carbon nitride materials are often poorly crystalline or X-ray amorphous and are 12	
more accurately represented by CNxHy based on both experimental characterisation and modelling. 13	
Alternatively, materials prepared using molten salt as the reaction medium can yield a crystalline, layered 14	
poly(triazine imide) structure35 in which some of the salt ions are incorporated ( 3 in Fig. 2).  15	
Table 1 summarises representative examples of CNxHy photocatalysts for hydrogen or oxygen evolution. 16	
Systems with AQYs larger than a few percentage are mostly reported in the presence of a sacrificial 17	
scavenger and a co-catalyst (e.g. Pt or Ru, usually by photodeposition). Among various pristine CNxHy 18	
materials synthesised from common precursors, urea-derived materials exhibit slightly wider optical gaps 19	
(2.9–3.0 eV) than their dicyandiamide/melamine-derived counterparts (2.7~2.8 eV), and represent the 20	
benchmark for efficiency, perhaps due to a higher degree of polymerisation36,37. Recently, several other 21	
organic precursors (e.g., semicarbazide hydrochloride, 5-aminotetrazole) were reported to produce CNxHy 22	
with improved performance28,30. A range of synthetic modifications to promote, for example, charge 23	
separation, have been proposed38 and used to achieve higher AQYs (generally for light in the range of 24	
395~420 nm). Such engineering strategies include increasing the degree of polymerisation36, nanosheet 25	
fabrication39, use of templates40, fabrication in molten salts41, creating p-n homojunction42, and selective 26	
doping43,44. Another emerging approach to control the properties of CNxHy is the utilisation of self-27	
assembled supramolecular structures as reactants45-48, such as using of halogen-based assemblies49-52 and 28	
supramolecular single crystals53-55. Interestingly, a few CNxHy materials with controlled terminal groups, 29	
including cyanamide, urea and hydroxyl species28,56,57, have boosted HERs, suggesting that terminal 30	
groups in CNxHy structures can play an important role. So far, materials prepared via the molten salt 31	
approach have exhibited benchmark AQYs of 57~65% at 420 nm measured under reduced pressure in a 32	
phosphate environment, although their stability is seldom reported30,37,58,59.   33	
Meanwhile, to better match light absorption and solar spectrum, strategies have been devised to narrow the 34	
optical gap of CNxHy60-68. Recently, location-controlled doping of CNxHy (e.g., selective linker/terminal 35	
replacement, surface layer doping) was reported to not only enhance charge separation but also stepwise 36	
narrow the optical gap to below 2 eV, leading to enhanced HERs and a benchmark AQY of 2.1% at 500 37	
nm measured at ambient conditions28,69. Despite these impressive advances in hydrogen evolution rate 38	
performance, fundamental understanding of CNxHy photocatalytic activity is still relatively limited, as we 39	
discuss further below.  40	
Compared to proton reduction, there have been far fewer reports on water oxidation69-72 and OWS3,16,18,19 41	
using CNxHy, most likely due to the inherent kinetic and energetic challenges of water oxidation. CNxHy 42	
was the first polymer to perform OWS in Z-scheme systems3,73 or with suitable co-catalysts (e.g., Pt/PtOx, 43	
Pt/CoP)18,19. In a Z-scheme system, CNxHy and WO3 (or BiVO4) worked as reduction and oxidation 44	
photocatalysts, with I-/IO3- (or Fe2+/Fe3+) as redox mediators, respectively. Later on, reduced graphene 45	
oxide was reported as a shuttle in CNxHy/WO3 heterojunction for OWS. Remarkably, carbon-quantum-46	
dots (QD) cocatalysts are suggested to facilitate charge separation and decompose kinetically favourable 47	
H2O274 to O2 via a two-electron process, bypassing the slow four-hole kinetics of direct oxidation of H2O 48	
to O2. The reported STH efficiency of 2% on QD/CNxHy composite is notable16, although this has proved 49	







3.2 Synthesis and photocatalytic activity of organic polymers 3	
Despite the substantial progress made in tailoring the (photophysical) properties of CNxHy by tuning 4	
the synthetic routes and/or post-synthetic modifications, the degree of control and synthetic diversity 5	
are inherently limited by the reaction conditions required to prepare the materials. This is less of an 6	
issue when preparing conjugated polymers via metal-catalysed coupling reactions. Reaction 7	
conditions can be relatively mild, and many functional groups in the reactants can be tolerated. This 8	
allows the study of families of materials using related building blocks and, hence, the study of 9	
structure-performance relationships. While there are still limits to synthetic control in such 10	
polymers—for example, regarding molecular weight, architecture, and monomer sequence 11	
distribution in copolymers—there is, in general, a broader scope for molecular engineering of a 12	
specific function in polymers than in materials synthesised at a high temperature, such as CNxHy. 13	
Tables 2 and 3 give an overview of reported polymer-based materials (linear and CTF in Table 2; 14	
CMP and COF in Table 3) for hydrogen and oxygen evolution. The values provided in this table are 15	
intended to provide a summary of the variety of reported materials and their properties, rather than a 16	
numerical comparison of their “success” as photocatalysts. Note that there is no agreement upon 17	
systematic nomenclature in this field nor a conclusive analytical portfolio for a full characterisation of 18	
these (mostly) insoluble materials. Materials are sorted by decreasing optical gap values.  19	
 20	
 21	
3.3 Linear Polymers 22	
Poly(p-phenylene) was shown to evolve hydrogen under illumination in the presence of sacrificial 23	
donors in 1985, the first example of a polymeric photocatalyst8. While the reported AQY of 0.03% 24	
was low, the effect of different sacrificial donors and additional doping with precious metals was 25	
already investigated at that time8,9,76. Shortly afterwards, a bipyridine-based linear polymer was shown 26	
to reduce protons to hydrogen under illumination using triethylamine as a sacrificial donor; the 27	
hydrogen evolution rate  increased by two orders of magnitude in the presence of RuCl377. More 28	
recently, the use of linear homo- and co-polymers (Fig. 3) prepared through coupling reactions have 29	
received renewed attention as photocatalysts. For example, a series of photocatalytically active 30	
phenyl-co-polymers with fluorene derivatives were reported, the most active of which, a co-polymer 31	
of phenylene and dibenzo[b,d]thiophene sulfone (P7), was significantly more active than 32	
poly(p-phenylene)15. Another photocatalytically active linear co-polymer (B-BT-1,4)78 featured 33	
alternating electron-donor-acceptor units in the form of phenyl and 2,1,3-benzothiadiazole units. 34	
Cobalt-chelating PPDI-bpy (perylenediimide–bipyridine) and PPDT-bpy (benzo [1,2-b:4,5-35	
b]dithiophene- bipyridine) co-polymers were developed, combining a light-harvesting polymeric 36	
backbone with molecular catalytic active sites (bpy-metal complex)79.  37	
 38	
In contrast to the discovery of materials with high photocatalytic activity, the processability of 39	
polymeric photocatalysts remains poorly explored for the fabrication of multicomponent and scaled-40	
up devices. Some of us recently reported a solution-processable co-polymer made of carbazole units 41	
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with a branched alkyl chain on the nitrogen and phenylene (P8-s), which can be cast as thin films on 1	
glass and remains photocatalytically active in that form80. This eliminates the need for mechanical 2	
dispersion of the polymer in the aqueous solution. Another approach is the use of stable nanoparticle 3	
emulsions (polymer dots, or PDots): for example, a combination of the fluorene-2,1,3-4	
benzothiadiazole (PFBT) donor-acceptor polymer with an amphiphilic polystyrene co-polymer was 5	
reported with very high initial hydrogen evolution rates75,81. While the resulting PDots show an 6	
increased activity over the pristine polymer suspensions, the stability of these systems needs to be 7	
improved because the materials become photocatalytically inactive within hours. Another issue is that 8	
the absolute amounts of hydrogen produced are tiny —a few micromoles of hydrogen—because the 9	
concentration of PDots is very low. As such, these high mass-normalised hydrogen evolution rates, 10	
while interesting, will be of little practical use unless the approach can be translated into stable 11	
systems that generate larger amounts of H2 per unit area irradiated.  12	
 13	
3.4 Polymer networks and frameworks 14	
Polymer network photocatalysts can be subdivided based on their chemical composition, the degree of 15	
conjugation in the polymer beyond the monomeric building blocks, whether they are microporous, 16	
and their degree of crystallinity. We discuss here these main sub-groups of photocatalytically active 17	
polymer networks. 18	
Covalent triazine-based frameworks (CTFs, Fig. 4) are structurally related to CNxHy in terms of their 19	
high nitrogen content and chemical motifs. However, unlike CNxHy, CTFs are accessible both via 20	
high–temperature molten salt routes and via low-temperature coupling routes82. In the molten salt 21	
route, synthetic conditions significantly affect the degree of polymerisation, the presence of defects, 22	
and the nature of the terminal groups. For example, it was demonstrated that PTO-300 (similar in 23	
nominal structure to CTF-1, discussed below), as synthesised at the relatively low temperature of 24	
300 °C, consisted of small oligomers with higher activities than more highly-polymerised systems 25	
prepared at higher temperatures83. CTFs prepared at elevated temperatures in salt melts also often 26	
undergo partial carbonisation, which might partly explain their lower activities84,85. In contrast, 27	
structurally analogous CTF-1 obtained by acid-catalysed trimerisation of 1,4-dibenzonitrile at much 28	
lower temperatures circumvents such side reactions, and this material showed moderate activity for 29	
photocatalytic hydrogen evolution with Pt co-catalyst86. CTF-1 was also reported to have limited 30	
activity for water oxidation in the presence of silver ions, and RuO286. Stepwise extension of the 31	
organic linker between the triazine units from phenyl (CTF-1) to quarterphenyl (CTF-4) gave an 32	
optimum performance for CTF-2 (biphenyl linker)87. Interestingly, CTF-2 shows lower but still 33	
significant activities even without the addition of Pt co-catalyst, when synthesised via a metal-34	
mediated cross-coupling reaction. This suggests that residual Pd from the synthesis acts as a co-35	
catalyst88 in line with reports for CNxHy87,89, and consistent with a recent report employing conjugated 36	
polymeric photocatalyst nanoparticles20. The properties of the CTFs can be further tuned by changing 37	
the linker beyond phenyl oligomers; for example, by using thiophene19 derivatives or, more exotically, 38	
by annealing at high temperature with elemental sulfur, thus incorporating sulfur atoms into the 39	




Related to CTFs are polymers based on triazine rings bridged by disulfide bridges91 (C3N3S3) and 1	
triazine-based polyimide networks (PI)92. Both are active for hydrogen evolution in the presence of a 2	
sacrificial donor. The C3N3S3 polymer also evolves hydrogen from pure water, but this is associated 3	
with irreversible oxidation of the disulfide bridges instead of water. Addition of a sacrificial donor 4	
quenches this photocorrosion and switches on stable hydrogen evolution. 5	
In contrast to CTFs, conjugated microporous polymers (CMPs, Fig. 5a) can display conjugation 6	
across their network93. In 2015, a series of heteroatom-free CMPs obtained via Suzuki-Miyaura 7	
coupling were reported, where the optical gap was tailored by varying the fractions of different co-8	
monomers, which had a substantial effect on the catalytic performance14. This was the first example 9	
of systematic optical-gap tuning in polymers for photocatalytic hydrogen evolution. Following this, 10	
some CMPs with (hetero)aromatic co-monomers have been suggested as photocatalysts for hydrogen 11	
evolution in the presence of a sacrificial donor, including conjugated benzene and spirobifluorene94, 12	
benzodiazole78, triazine95, naphthalene12, and perylene-based networks27,88,96,97,98. Some CMPs are 13	
porous, branched analogues of linear predecessors, such as the perylenediimide–bipyridine network 14	
PCP2-100%PDI that showed morphological changes upon variation in the stoichiometry of 15	
monomers99. Nitrogen-containing aza-CMP (Fig. 5b) nanosheets are a rare example of a CMP 16	
evolving oxygen from water under illumination in the presence of silver nitrate as a hole 17	
scavenger17,100. Recently, a combination of aza-CMP and C2N nanosheets101, and ethynyl-benzene-18	
based CMPs (PTEB/PTEPB) 17,102 were claimed to perform OWS and to evolve hydrogen and oxygen 19	
simultaneously in a 2:1 ratio. More work is needed to develop these results further.  20	
 21	
All of the polymer networks discussed above are substantially amorphous, but covalent organic 22	
frameworks (COFs, Fig. 6) 103, formed through reversible condensation reactions, are typically 23	
crystalline. In 2014, a hydrazone-based COF was reported to evolve hydrogen from water under 24	
illumination in the presence of a sacrificial donor13. The same team subsequently reported a series of 25	
photocatalytic 2D azine COFs104 and COFs that could be modified post-synthetically through the 26	
incorporation of a molecular co-catalyst105. Recently, a diacetylene-based COF that evolves hydrogen 27	
was described106. Some of us recently reported a crystalline COF based on a benzo-28	
bis(benzothiophene sulfone) moiety that shows a much higher hydrogen evolution rate  than its 29	
amorphous or semicrystalline counterparts107. Crystalline order in COFs leads to better photocatalytic 30	
performance than for amorphous polymer networks, as this order could, in principle better position 31	
complementary functionalities . One limitation here is our relatively poor understanding of structure-32	
function relationships in these materials, which is discussed in the next section. 33	
 34	
 35	
4 Physical basis for the photocatalytic activity of polymers 36	
4.1 Link between polymer properties and activity 37	
As discussed in Framework for understanding polymer photocatalytic activity, the observed 38	
hydrogen evolution rate of a polymer depends on many material and sample properties. We now 39	
briefly review the evidence for this in the literature. First, in the case of the optical gap, it has been 40	
experimentally observed for several families of materials21,26 that reducing the optical gap improves 41	
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the hydrogen evolution rate due to improved light harvesting. Contrasting this, the same studies also 1	
demonstrate that reducing the thermodynamic driving force for proton reduction and/or 2	
water/sacrificial donor oxidation reduces the hydrogen evolution rate. Indeed, we recently reported 3	
evidence for a trade-off between the optical gap and the driving force for sacrificial donor oxidation in 4	
two different series of materials: an isostructural series of CTFs87 and a series of phenylene-thiophene 5	
co-polymers21. In both cases, this trade-off results in a maximum in the hydrogen evolution 6	
somewhere toward the middle of the materials series. In the case of porosity, in CMPs, where 7	
increasing the porosity should result in smaller polymer domains, some studies report no correlation 8	
between the degree of porosity and activity14,94, while other studies show a marked effect78. Possible 9	
reasons for this apparent discrepancy are (i) that porosity only becomes relevant when water or the 10	
water-SED mixture wets the pores effectively, and (ii) the dominance of another property, such as 11	
metal content, which can override the effect of mass diffusion and exciton diffusion length vs domain 12	
size. Finally, for linear polymers we recently demonstrated by comparing the activity of ninety-nine 13	
polymer photocatalysts that a good dispersibility of the polymer particles, which itself likely 14	
correlates with both the wettability and size of the particles, is required for high hydrogen evolution 15	
rates. The same study also showed that ranking the activity of the polymers required knowledge of at 16	
least four properties, including the EA and dispersability.108 In general, photocatalytic activity appears 17	
to be a composite of many different materials properties, and the critical property controlling the 18	
performance most likely varies from material to material.  19	
The fact that many more polymers of those reviewed above have been reported to evolve hydrogen 20	
than to evolve oxygen or to perform OWS can also be at least partly understood when considering 21	
material energetics. While most conjugated polymers have sufficiently negative EA to reduce protons 22	
at neutral pH, the IP of many conjugated polymers is not sufficiently deep to oxidise water. Some 23	
exceptions are certain classes of nitrogen-containing polymers23,109, including CNxHy10,110 and CTFs87 24	
(Fig. 4). The latter are indeed those classes for which there is the best evidence for oxygen evolution 25	
and water oxidation (see Performance of polymeric photocatalysts). 26	
 27	
4.2 Carbon nitride photophysics 28	
Intensive investigation of the photophysics of CNxHy began only recently, and already a few key 29	
aspects have emerged. At a fundamental level, it is interesting to consider the question of what is the 30	
primary photoexcited species (i.e., excitons vs charge carriers) formed in polymeric CNxHy, as the 31	
heptazine units are only cross-conjugated through the secondary or tertiary amino bridges. Initial 32	
studies concluded that molecular singlet excitons confined to heptazine units were sufficient to 33	
explain the photoluminescence behaviour of CNxHy111, consistent with the low dielectric constant 34	
typical of organic materials and the resulting localised Frenkel-like excitons. However, recent 35	
photophysical investigations point to the formation of charges (polarons) on time scales <200 fs112-114. 36	
While this behaviour is not unprecedented115, it is surprising for an organic semiconductor and 37	
contrasts to typical cases where efficient charge generation requires the presence of a donor/acceptor 38	
junction. This fast charge generation is similar to the effectively direct generation of charges in metal 39	
oxides116. One possibility is that homojunctions are formed within the material, inducing energy 40	
offsets between ordered (crystalline) and disordered (amorphous) domains and charge separation 41	
occurs at these interfaces117.  42	
9	
	
An in-depth spectroscopic investigation of urea-derived CNxHy shed light on the role of low-energy 1	
trap states112. It was concluded that energy losses of about 1.5 eV (~ half the absorbed energy) could 2	
be attributed to charge trapping, significantly reducing the driving force and rate of charge transfer 3	
reactions. Also, an inverse correlation was observed between the charge population on the 4	
microsecond timescale and the H2 production rates, not only indicating that deeply-trapped long-lived 5	
electrons are unreactive for photoreduction112,118,119, but also that charge trapping dictates the 6	
photocatalytic activity. The presence of shallow and deep trap states can also be inferred from 7	
different decay kinetics of photoinduced absorptions in the visible and NIR regions112,119-121. The 8	
presence of trap states can also be inferred from red-shifted electroluminescence compared to the PL 9	
of CNxHy thin films7 and electrons with millisecond lifetimes have been observed in CNxHy 10	
photoelectrodes122,123. A successful strategy to prevent charge trapping into inactive states has been 11	
demonstrated by introducing additional components such as red phosphorous crystals124, boron28, or 12	
TiO2 mesocrystals125, thus enabling rapid charge extraction that effectively competes with charge 13	
trapping. 14	
Consistent with the above discussion, chemical defects play a role in the CNxHy photophysics. A 15	
survey of different heptazine-like molecules revealed that the presence of some chemical moieties 16	
significantly increased the hydrogen evolution rate56. In particular, a cyanamide terminal group added 17	
post-synthetically improved activity by over 12-fold, confirming the applicability of defect 18	
engineering. A subsequent study compared the photophysics of amino and cyanamide-terminated 19	
CNxHy and discovered that the increased photoactivity could not be traced to reduced charge 20	
recombination, a common assumption, but instead to improved charge transfer efficiency120. Given 21	
the importance of trap states, it seems likely that the trap state density and energetics are modified by 22	
the post-synthetic treatment. CNxHy with cyanamide terminations also showed surprisingly long-lived 23	
electrons with enough chemical potential to drive proton reduction even after 12 hours in the dark56,126, 24	
not seen for amino-terminated analogues. Similar long-lived electrons (radical anions) were observed 25	
in a related CNxHy, potassium PTI, in which some of the bridging amines are deprotonated127. These 26	
point to the amino groups being involved in the formation of deep electron traps. The activity of 27	
cyanamide-terminated CNxHy was further improved by a factor of two by hydrolysing the cyanamide 28	
to a urea moiety57, possibly explaining the success of urea itself as the starting material for preparing 29	
high activity CNxHy36. The terminations and chemical defects found in CNxHy may also promote rapid 30	
charge separation due to significant energy offsets, but potentially at the expense of reactivity. 31	
Understanding the complete influence of CNxHy terminations and defects will likely lead to novel 32	
synthetic procedures for high activity materials with controlled chemical structures. 33	
 34	
4.3 Conjugated polymer photophysics 35	
Conjugated polymeric photocatalysts currently require the presence of sacrificial reagents for 36	
appreciable hydrogen evolution rates128. Initial studies on poly(p-phenylene) and poly(pyridine-2,5-37	
diyil) oligomers have suggested that photocatalytic reactions proceed via reductive quenching of the 38	
photoexcited state in the presence of sacrificial electron donors129-131. Such “hole scavenging” results 39	
in the generation of long-lived polymer-centred electrons with a sufficiently long lifetime to drive 40	
relatively slow multi-electron reactions such as hydrogen evolution (timescale typically 41	
milliseconds)132-134. The generation of such long-lived charges is similar to that in metal oxide 42	
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photocatalysts in the presence of sacrificial reagents135,136. In principle, extending the excited state 1	
lifetime should increase the efficiency of the scavenging reaction. However, the exciton lifetime does 2	
not always correlate with the hydrogen evolution rate 94. The relatively low photocatalytic AQYs of 3	
many conjugated polymers (compare Table 2 to CNxHy in Table 1) imply low concentrations of active 4	
species and generally complicate spectroscopic investigations of their performance. 5	
Dibenzo[b,d]thiophene sulfone containing polymers are among the most active conjugated polymers 6	
for hydrogen evolution15. For these materials, the formation of polymer electrons whose lifetime 7	
extended up to milliseconds was observed in the presence of TEA as a sacrificial donor, with an 8	
appearance half-time of only 1–2 ps137. The yield of these long-lived electrons correlated with 9	
hydrogen evolution rates, suggesting these electrons retained sufficient reactivity to drive proton 10	
reduction. The polar sulfone group was found to be vital for charge generation due to the localisation 11	
of water around the otherwise hydrophobic backbone137, suggesting that the wettability of a polymer 12	
photocatalyst can also affect its driving force for charge transfer. 13	
 14	
5 Challenges and long-term outlook 15	
Although substantial progress has been made in the development and understanding of polymer-based 16	
photocatalysts for direct hydrogen and oxygen production, we believe there are five major challenges 17	
to overcome in this field.  18	
The first challenge is the comparability of the hydrogen and oxygen evolution performance of 19	
different materials reported by different groups. As known from the literature on inorganic 20	
photocatalysts, the measured hydrogen evolution rates and oxygen-evolution rates depend critically 21	
on many specific details of the experimental set-up, such as the spectrum of light source, the filter 22	
used, the light intensity at the sample, co-catalyst selection and loading, type and concentration of 23	
sacrificial donor used, the sample concentration, and the pressure in the reactor headspace. 24	
Suggestions for standardisation of (3D-printable) photoreactor set-ups138,139 and reporting of at least 25	
AQYs instead of only gas evolution rates140,141 can be found in the literature. 26	
A second challenge is the long-term stability of polymeric photocatalysts under operating conditions. 27	
In the presence of sacrificial donors, polymers have been shown to operate without appreciable loss of 28	
activity for at least days on end. During such extended runs, these polymers evolve much more 29	
hydrogen than they contain, proving that the hydrogen evolved does not originate from the polymer 30	
itself but water15. However, the oxidation of water is more sluggish than that of a sacrificial donor. 31	
Therefore, it remains unclear if photocorrosion might become more pronounced under water oxidation 32	
conditions. For example, it has been demonstrated experimentally91 that a polymer of triazine units 33	
linked by disulfide bridges evolves hydrogen without any noticeable degradation in the presence of a 34	
sacrificial donor, but that the disulfide bridges are oxidised under illumination in pure water. 35	
The third challenge is to understand better the mechanism by which polymeric photocatalysts evolve 36	
hydrogen and/or oxygen and the role played by residual or intentionally added noble metal atoms and 37	
defects. Undecorated CNxHy evolves little hydrogen and almost no oxygen in the absence of co-38	
catalysts. Most polymers prepared via cross-coupling reactions do not require an additional co-39	
catalyst but do contain residual noble metal impurities, e.g., palladium from the Suzuki coupling 40	
reaction, which could act as co-catalyst. Total removal of such impurities is near impossible in most 41	
cases, and experimental evidence for the effect of the residual metal is mixed. On the one hand, 42	
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poisoning experiments for phenyl/pyrene CMPs show no change in hydrogen evolution rates in the 1	
presence of carbon monoxide14, suggesting that either the role of residual palladium is not critical or 2	
that there is palladium inaccessible to the carbon monoxide but still active for hydrogen evolution. It 3	
is also possible that subsequent photolysis removes the carbon monoxide poisoning agent and 4	
regenerates the metal. Also, Pd was found to be essential for the hydrogen evolution activity of the 5	
soluble poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT)20. A threshold concentration of 6	
palladium above which additional metal (palladium, platinum) does not improve rates any further was 7	
observed (in this case as low as 100 ppm)20, in agreement with work on other CMPs88,99. If some 8	
polymers can evolve hydrogen in the absence of a metal co-catalyst, the mechanism by which this 9	
happens is unknown. There have been some suggestions from theory17,142, but this matter is far from 10	
resolved. As discussed above, it has been demonstrated that the nature of the terminal groups 11	
influence the activity of CNxHy, and that defect engineering can be used to improve hydrogen 12	
evolution rate 56,57. However, it is not yet clear whether these terminal defects play a more significant 13	
role in controlling the charge carrier dynamics within CNxHy or in promoting efficient interfacial 14	
charge transfers, or both. Similarly, the role that possible surface states play in charge transfer 15	
reactions involving CMPs has not yet been established.  16	
A fourth challenge, closely connected to the third, is to achieve sufficiently long charge carrier 17	
lifetimes without losing too much driving force for interfacial redox reactions. For example, in natural 18	
photosynthetic reaction centres, a series of fast energetically-downhill charge transfers increase spatial 19	
separation and, hence, the lifetime of the charge-separated states at the expense of the energy stored25. 20	
Since interfacial reactions such as proton reduction typically take place on microsecond or longer 21	
timescales143, photoexcited states typically relax and localise prior to electron transfer. As observed 22	
for CNxHy, this relaxation (i.e., trapping) process can result in substantial loss of driving force and rate 23	
of charge transfer on microsecond timescales112. Being able to accurately determine the timescales of 24	
relaxation and the excited states involved in interfacial charge transfers, both structurally and 25	
energetically, will give us the information needed to engineer improved materials. Progress in 26	
controlled synthetic routes and targeted post-synthetic modifications combined with careful combined 27	
structural and photophysical characterisations are promising avenues to help us complete the picture 28	
of the inner workings of various polymer-based photocatalysts and prepare high-efficiency, low-cost 29	
materials. 30	
The final challenge is to avoid the use of uneconomic sacrificial electron donors, either by performing 31	
OWS or by oxidising abundant, sustainable scavengers to value-added products. As discussed above, 32	
OWS activity has only been reported for a small number of polymers, and the reproducibility of some 33	
reports is an open question. The problem here is most likely a combination of bulk electron-hole 34	
recombination in single-phase polymers, which very effectively competes with productive use of 35	
electrons and holes, and the fact that overall water oxidation requires four holes per molecule of 36	
oxygen. To circumvent mostly the same problem, nature uses a two-photocatalyst system instead of 37	
single photocatalysts144, allowing it to overcome the inevitable back reaction on a single photocatalyst 38	
and to achieve efficient charge separation. The highest reported STH efficiency of 1% for a 39	
particulate system was achieved using such a Z-scheme75: much better than typically attained on 40	
single photocatalysts. While this was reported using inorganic photocatalysts, a similar approach 41	
could be applied to polymeric photocatalysts, and indeed there are reports that polymers can split pure 42	
water with close to 1% STH efficiencies16,17. The potential solution is the use of a Z-scheme, where 43	
12	
	
electrons and holes are spatially separated after generation on divided sub-systems, thereby reducing 1	
the propensity for electron-hole recombination and allowing for longer-lived charge carriers and 2	
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F-doping 472 2.6 red. N/A H2: 130 N/A 
500 





486 2.6 red. N/A H2: 294 20 
300 
(Xe) > 420 TEOA 2010 
66 
B-doping 600 2.1 amb. N/A H2: 510 N/A 
300 






525 2.4 red. N/A H2: 1470 20 
300 
(Xe) > 420 TEOA 2012 
67 
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(Xe > 420 TEOA 2012 
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Nanosheets 472 2.6 red. 3.75 H2: 1860 24 
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polymerised 415 3.0 amb. 
12.5g 
26.5 (400 nm) 
H2: 3327 30 
300 
(Xe) > 395 TEOA 2014 
36 
PTI/Li+Cl- 600 2.1 red. 
7 
15 (400 nm) 
H2: 8160 N/A 
300 
(Xe) > 420 TEOA 2014 
41 
Quantum dots 650 1.9 amb. N/A H2: 2757 N/A 
300 
(Xe) > 420 TEOA 2014 
146 
N-doping 477 2.6 amb. N/A H2: 554 16 
300 
(Xe) > 400 TEOA 2015 
62 
Amorphous 682 1.8 amb. N/A H2: 3158 7 
300 
(Xe) > 440 TEOA 2015 
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Dispersing Co 







Phosphate salt 460 2.7 red. 
26.1 
45.7 (380 nm) 
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(Xe) >420 TEOA 2018 
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a Values were interconverted according to E = h×c/λ and λ = h×c/E where h×c is 1240 eV×nm from 1	
data reported in the literature; b Initial pressure in the reaction vial is indicated according to 2	
experimental details as ambient (amb., e.g. bubbling of nitrogen) or reduced (red., e.g. evacuation of 3	
reaction vessel). cApparent quantum yield also referred to as quantum efficiency and photonic 4	
efficiency in some of the references; d Values were standardised to micromoles per hour and per gram 5	
[µmol h−1 g−1] from data reported in the literature; Oxygen evolution rates (OER) are only given 6	
(value or “no O2”) when experiments were explicitly conducted and reported; e Stable hydrogen 7	
production time length where > 75% of initial activity was retained; f Listed are sacrificial donors and 8	
further additives such as additional solvents, and buffers. This condition was applied for H2 evolution 9	
if not specified. For O2 production, AgNO3 was used as an electron scavenger if not specified. g 10	
Internal quantum yield.  11	
15	
	
Table 2: Overview of reported linear polymers and covalent triazine frameworks (CTFs) for 1	
hydrogen and oxygen evolution.* 2	
Compoun
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Linear polymers (LPs) 




>290 DEA 8 







































P8-s 458 2.71 0.56 Pd 
(syn) 
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(syn) 
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PPDI-bpy 





H2: 355 N/A 450 
(Xe) 
full-arc DEA 
Covalent triazine frameworks (CTFs) 
















- - 3 Co 
(dop) 
- - O2: no O2 N/A - - AgNO3 
CTF-T1 422 2.94 1 Pt 
(dop) 
red. 2.4 H2: 200 20 (420 
nm) 





- - 6.2 RuO2 
(dop) 
red. - O2: ~15 N/A - >420 AgNO3, 
La2O3 
PI 428 2.9 1 Pt 
(dop) 




>420 MeOH 92 
CTF-2 454  2.73 3 Pt 
(dop) 




>420 TEOA 87 
CTF-1 500 2.48 2 Pt, 3 
RuO2 
(dop)  































- - 3.0 Ru 
(dop) 































CTFS10 656 1.89 1 Pt 
(dop) 
red. - H2: 2000  20 300 
(Xe) 
>420 TEOA 90 
* Values provided in this table are intended to provide an informational overview over the variety of 1	
polymer photocatalysts and their properties, rather than a strictly numerical comparison of their 2	
activities or quantum yields (e.g., different labs have different testing equipment). Please also refer to 3	
the discussion (Linear Polymers and Polymer networks and frameworks). a Values were 4	
interconverted according to E = h×c/λ and λ = h×c/E with h×c = 1240 eV×nm from data reported in 5	
the literature; b Precious metal content is given according to analyses reported in the literature and 6	
marked as residual content from syntheses (syn, e.g., after a Suzuki coupling reaction) or intentional 7	
doping (dop, e.g., in-situ photodeposition); c Initial pressure in the reaction vial is indicated according 8	
to experimental details as ambient (amb., e.g., bubbling of nitrogen), reduced (red., e.g., evacuation of 9	
reaction vessel), or degassed (deg.) when no details were provided. d Apparent quantum yield also 10	
referred to as quantum efficiency and photonic efficiency in some of the references; e Values were 11	
normalised to micromoles per hour and per gram [µmol h−1 g−1] from data reported in the literature. 12	
Oxygen evolution rates are only given (value or “no O2”) when experiments were explicitly conducted 13	
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Table 3: Overview of reported conjugated microporous polymers (CMPs)	and covalent organic 2	
frameworks (COFs) for hydrogen and oxygen evolution.* 3	
Compo
und 





























Conjugated microporous polymers (CMPs) 
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(syn) 








>420 - 17 
PTEPB 435 2.85 0.02 Cu 
(syn) 
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amb. . O2: no 
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* Values provided in this table are intended to provide an informational overview over the variety of 1	
polymer photocatalysts and their properties, rather than a strictly numerical comparison of their 2	
activities or quantum yields (e.g., different labs have different testing equipment). Please also refer to 3	
the discussion (Polymer networks and frameworks). a Values were interconverted according to E = 4	
h×c/λ and λ = h×c/E with h×c = 1240 eV×nm from data reported in the literature; b Precious metal 5	
content is given according to analyses reported in the literature and marked as residual content from 6	
syntheses (syn, e.g., after a Suzuki coupling reaction) or intentional doping (dop, e.g. in-situ 7	
photodeposition); c Initial pressure in the reaction vial is indicated according to experimental details as 8	
ambient (amb., e.g., bubbling of nitrogen), reduced (red., e.g., evacuation of reaction vessel), or 9	
degassed (deg.) when no details were provided. d Apparent quantum yield also referred to as quantum 10	
efficiency and photonic efficiency in some of the references; e Values were normalised to micromoles 11	
per hour and per gram [µmol h−1 g−1] from data reported in the literature. Oxygen evolution rates are 12	
only given (value or “no O2”) when experiments were explicitly conducted and reported; f Listed are 13	







Fig.1 Thermodynamics of water splitting. a) Scheme illustrating how the potentials/energies of the 2	
free charge carriers (IP and EA) and/or excitons (EA* and IP*) must straddle the proton reduction and 3	
water oxidation potentials (black and blue broken lines, respectively) to achieve OWS. Arrows 4	
indicate the direction of hole/electron transfer. b) DFT predicted IP and EA potentials for a range of 5	
linear polymers. Original data taken from refs.21,26 with permission. Potentials for various solution 6	
reactions are also given; proton reduction (at pH 7 and 11.5), overall water oxidation (at pH 7) and 7	
one-hole oxidation of triethylamine (TEA; at pH 11.5). The potential for the overall oxidation of TEA 8	







Fig. 2 Structures of the different (hypothetical) carbon nitride polymorphs. 1) Hypothetical 3	
graphitic C3N4 structure, 2) melon, the likely structure of carbon nitride materials prepared 4	
experimentally through the thermal decomposition of nitrogen-containing precursors, and 3) poly 5	
(triazine imide) obtained experimentally from salt melts. In each case, one heptazine/triazine unit is 6	
highlighted in blue. Photocatalytically active heptazine-based carbon nitride samples (CNxHy) appear 7	






Fig. 3 Linear homo- and co-polymeric photocatalysts. Linear polymers typically comprise one 3	
monomer (homo-polymer (4)) or two monomers (co-polymer (5)). For conjugated polymers, 4	
transition metal catalysed cross-coupling reactions are often used (i.e., Suzuki-Miyaura or Stille 5	
coupling). Examples of monomers are given in the figure; not all shown combinations have been 6	
reported, illustrating the wide modularity of this approach. One drawback of metal-coupling 7	
polymerisations is that residual noble metals can remain in the polymers, which can influence 8	
photocatalytic activity; variation in this residual metal content can prevent straightforward comparison 9	
between superficially similar materials, particularly for materials prepared in different laboratories 10	





Fig. 4 Nominal structure of covalent triazine-based frameworks (CTFs). CTFs consists of a 2	
network of triazine units (highlighted in blue) that are connected via divalent bridging units (A). Most 3	
often the triazine unit is constructed in situ by a trimerisation reaction of suitable nitrile precursors via 4	
ionothermal, or super-acid catalysed approaches82. Both, the length and the nature of the bridging unit 5	
influence pore size, crystallinity, and photocatalytic activity of the final material. Due to their high 6	





Fig. 5 Nominal structure of conjugated microporous polymer (CMP) photocatalysts. a) CMPs 2	
commonly consist of a central multivalent unit (A3 or A4) that is connected via di-, tri- or tetravalent 3	
linkers (B, A3 or A4) to form a microporous network (8, 9 or 10, respectively). Further, A3B-type 4	
networks (7) have been reported that are structurally closely related to CTFs and in fact, encase this 5	
subgroup. b) Within the CMPs, aza-CMP (11) shows unique connectivity with hexavalent central 6	
units being connected via tetravalent bridges. The multi-connectivity between the structural subunits 7	
creates multi-dimensional networks with a variety of pores and channels that contribute towards the 8	





Fig. 6 Nominal structure of covalent organic frameworks (COFs). To date, the majority of 2	
crystalline conjugated COFs consist of trivalent central units connected via divalent bridging units, 3	
rather like CTFs and A3B-type CMPs. In contrast to CTFs and CMPs, they tend not to possess any 4	
extended π-conjugation in the plane of the COF layers due to the synthetic necessity of reversible 5	
linker bond formation; this has most often been achieved via imine-bond formation. While 6	
reversibility during synthesis benefits the formation of highly crystalline materials, it may be a 7	
drawback for photocatalytic applications due to the vulnerability of these linkages under  8	
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